The purpose of this study is to examine the CO 2 sorption amount for Kimachi sandstone and Berea sandstone in water-saturated and air-dry to 20 MPa and to provide useful information for assessing the effect of water saturation state on sorption behavior of CO 2 in host reservoir rocks.
Introduction
CO 2 Capture and Sequestration (CCS) technology, which entails CO 2 capture from large industrial processes, mainly power generation based on fossil fuels, and injection into deep geological formations, will be a potentially vital tool in achieving this goal. There are a number of the geological formations where CO 2 can be stored, including deep saline aquifers, depleted oil/gas fields, and unmineable coal seams. CO 2 storage in the depleted oil/gas fields or the coal seams associated with CO 2 Enhanced Oil Recovery (CO 2 -EOR) or CO 2 Enhanced Coalbed Methane (CO 2 -ECBM) technologies are likely to be implemented where such opportunities exist and where the cost of CO 2 storage can be reduced by producing additional oil or methane, but these options have limited capacities and geographic distribution. In contrast, the deep saline aquifers have large volumes of pore space that may be used to store CO 2 and exist in distributed widely around the world. Thus, this will lead to the need of accessing and developing the deep saline aquifers in the several years to come [1] .
It is a well-known that estimating CO 2 storage capacity is very important for screening and assessment of suitable storage sites relevant to CO 2 geological sequestration. Currently, calculation of CO 2 storage capacity estimation for the deep saline aquifer suffer from major shortcomings of accuracy, complexity, or scale due to neglecting the influence of various trapping mechanisms that do not operate in isolation but in complex, interdependent and time-dependent ways [2] [3] [4] [5] . In fact, global assessments of the CO 2 storage capacity shows the wide range of estimates due to reflecting both the different assumptions used to make these estimates and the uncertainty in the parameters [2] .
Therefore, it should be suggested that a detailed analysis essentially requires a thorough understanding of CO 2 /water/rock interaction processes at work in deep saline aquifers, and this will be an important step for the precise prediction of fate of the injected CO 2 relevant to the long-term security of CO 2 storage and for making a reliable and accurate estimation of the CO 2 storage capacity for the deep saline aquifers.
To date, CO 2 sorption experiments of a variety of rocks and minerals on air-dry and as-received bases have been reported [6] [7] [8] but not interpreted the effect of CO 2 /water ratio on sorption behavior of CO 2 in rocks and minerals.
The objective of this study is to measure the CO 2 sorption amount in air-dry and water-saturated states at geologically temperature and pressures to provide information for the effect of water saturation state on the CO 2 sorption behavior onto silica and silicate minerals.
Experimental

Materials
Samples were used Kimachi sandstone (from Shishido-cho, Shimane, Japan) and Berea sandstone (from Ohio, USA) in this study. Bulk density and porosity of the samples were measured based on the principle of Archimedes method [9] , and these properties were listed in Table 1 . Chemical and mineral components of the samples are described in detail for Kimachi sandstone by Lie et al. [10] and for Berea sandstone by Wang and Nur [11] , respectively. Core test specimens were drilled perpendicular to the bedding plane by use of a diamond core bit and were cut from each rock blocks with a diamond saw. The dimensions of core specimens were each about 60 mm in diameter and about 72 mm in length. All the cut samples were washed with distilled water.
The test specimens for the experiments in air-dry and water-saturated states are prepared by employing the following procedures. In the case of the experiment on air-dry basis, core specimens were dried under vacuum in an oven equipped with a rotary vacuum pump at 105 °C for at least 24 hours. Whereas, the samples tested in the experiment on water-saturated basis were placed into a sealed desiccator containing distilled water and were degased under vacuum using a rotary pump for approximately 6 hours to be saturated with water into pores of it, and after these wet samples were preserved by keeping immersed under water overnight. After the immersing processes, the wet samples were prepared by wrapping with a plastic film (Saran Wrap) to avoid unevenly-distributed water in pores of a sample and were dried again in an oven at 105 °C until required for use of these tests. The sorption experiments were tested under watersaturated states of 6 different patterns: 0 (on air-dry basis), 30, 60, 80, 90, and 100 vol.%.
. Experimental apparatus and Prediction models
CO 2 sorption measurement technique employs a pressure decay method (the manometric method), which has been described in detail previously [12] . Our experiments were performed at 50 °C and pressures up to approximately 20 MPa. The sorption amount of the sandstones are calculated using the equation of state proposed by Span and Wagner [13] . In this paper, we attempt to compare of the CO 2 sorption amount obtained from this study with theoretical values based on the following solubility and pore-filling models: (i) the solubility model which assumes that CO 2 dissolved into pores of water and is given as:
where n w is moles of CO 2 storage potential, V r , r w is density value of pore water under the liquid state (1000kg/m 3 CO2 is CO 2 solubility of distilled water, and the dissolution amount of CO 2 is calculated using the literature data based on Wiebe and Gaddy [20] .
(ii) the pore-filling model which assume that CO 2 storage capacity of rock mass is equal to the amount of CO 2 used by filling the entire pore volumes in the sample and is given by:
where n p is moles of CO 2 storage potential, CO2 and S w are the density of CO 2 depending on temperatures and pressures and the degree of water saturation of the sample, respectively. Fig. 1 showed CO 2 sorption isotherms in water-saturated and air-dry (water-free) states for Kimachi sandstone ( Fig. 1(a) ) and for Berea sandstone (Fig. 1(b) ), respectively. All rock samples tested in watersaturated state were found to have a significantly sorption capacity as well as that in air-dry state reported previously by Busch et al. [6] and Fujii et al. [8] . Excess CO 2 sorption isotherms data for Kimachi sandstone obtained from these experiments showed that at lower pressures below the critical point (31 °C, 7.4 MPa), CO 2 sorption capacities of the wet samples were lower than that of the dry samples. At the pressure above approximately 10MPa, the wet samples exhibited sorption capacities comparable to or higher than those found in air-dry state. Whereas, at the lower pressures, the wet samples of Berea sandstone exhibited comparable capacity as the dry samples, and in the supercritical region, the sorbed amount showed a similar behavior with the results of Kimachi sandstone and also in good agreement with the literature data for shale and kaolinite [6] . It should be noted that, except in the lower CO 2 sorption amount for Kimachi sandstone, this behavior was unexpected because water and CO 2 are believed to compete for the same sorption sites. As can be seen in Fig. 1 , the data for both Kimachi sandstone and Berea sandstone exhibited that the sorbed amount rose sharply with increasing CO 2 pressure when CO 2 exceeded the critical point, and began to level off after approximately 12 MPa. The observed increase sharply in excess sorption might be due to the bulk density and pressure dependence of CO 2 in the vicinity of the critical temperature [15] . In fact, our observation seemed to be consistent with variations of CO 2 bulk density as a function of CO 2 pressure reported by Span and Wagner [13] .
Results and Discussion
Comparison results of the sorption amount obtained from this study with two theoretical values based on the solubility and pore-filling models calculated from the Equations (1) and (2) are shown in Fig. 2 for Kimachi sandstone with approximately 95% water content in Fig. 2(a) and for Berea sandstone with approximately 99% in Fig. 2(b) , respectively. As shown in Fig. 2 , the wet samples have a significantly larger capacity than the two theoretical values in given pressures region. It should be noted that CO 2 sorption might provide an impact on the dissolution and pore-filling effects in storing CO 2 processes and contribute to a significant portion of storage capacity in a rock mass.
Furthermore, CO 2 sorption amounts for both the Kimachi and Berea sandstones were plotted as a function of water content at 3 MPa in Fig. 3(a) and at 18 MPa in Fig. 3(b) , respectively.
At the lower pressure of 3 MPa, for Kimachi sandstone, the sorbed amount decreased rapidly with increasing water content and reached to approximately 0.2 mmol/g above about 40 and 50 % water content, whereas, for Berea sandstone, no significant change was observed in the sorbed amount as a function of water content. The difference may be attributed to several factors (mineral component, pore distribution, and pore structure), but the detail analysis is now being investigated.
In contrast to these results, at higher pressure of 18 MPa, both the sandstones showed more or less increasing trend of the sorbed amount as water content increases. As can be seen in Fig. 3 , the experimental data for both the sandstones varied widely at each of water content values. The results of our study demonstrates that the drying process with a control of water-saturated state plays a large role and that the sorbed amount reflects unevenly-distributed pore water, in addition to the variation of each rock properties. These observations deemed to have a certain degree of correlation between the sorbed amount and water content, except in the lower sorption amounts for Berea sandstone. But more data points are needed to define the sorption capacity / water content dependence. Therefore, it can be said with reasonable certainty that, in supercritical region, the wet samples for both Kimachi sandstone and Berea sandstone have a significantly higher CO 2 sorption capacity compared to the dry samples, yet being observed sorption amount with the greatest variation of 0.4 mmol/g at around 80 % water content value for Kimachi sandstone and of 0.5 mmol/g at around 100 % for Berea sandstone, respectively. As abovementioned this section, at the higher pressures above 12 MPa, the observed comparable and deviation trends can be due to a factor having a specific effect of CO2/water/minerals (e.g., quartz, feldspars, etc.) interactions in the course of CO2 injection. To better understand the interaction of CO2 with silica, Tripp and Combes [16] proved using infrared spectroscopy onto deuterated silica surface pre-and post-venting of scCO2 under supercritical states. They found that the reduction of hydroxyl groups-adsorbed water band in peak intensity was observed by the venting process, and then a weak band appeared, which is due to sorbing CO2 onto the hydroxyl groups of silica surface. This indicates that scCO2 fluid extracts adsorbed water from the surface of silica, resulting in additional isolated hydroxyl groups associated with the sorption site of CO2 through the extraction process. Ideally, in the latest studies [17] [18] [19] , contact angle measurements for CO2-water or brine-solid substrates (hydrophilic glass, quartz, mica, and calcite) have been conducted in CO 2 gas, liquid CO2, and scCO2 states. These works demonstrated that, for all materials, CO2/water/solid in contact angle increases slightly as CO2 pressure increases in the gaseous CO2 phase and there is a dip sharply in the contact angle in liquid CO2 or scCO2 phases. Thus, it was concluded that this may cause the effect of a partial wetting of the CO 2 , indicative of an improvement in CO2 displacement efficiency in the course of CO2 migration. Furthermore, to provide an insight into understanding the phase distribution and mobilization during in micro-pore scale, Chalbaud et al. [20] has directly visualized during flooding water saturated porous media by CO2 using glass micro-model at different hydrophilicities. They were mentioned that since the external phase of CO2 becomes liquid or supercritical states, the greater part of such films could not be appeared despite being observed thin film water on the solid substrate of glass beads in gaseous CO2 phase. Also, this observation seemed to support displacement of adsorbed water by the CO2 fluid due to the extraction process reported by Tripp and Combes [16] . It is suggested that even if the migration of CO2 in the micro-pore scale, the CO2 partial wetting may occur in pores of rock at the geological pressures and temperatures. In light of the above several studies, significant changes in sorption isotherms under different watersaturated states may be attributed to the effect of CO 2 partial wettability in pores of rocks accompanied by the extraction process.
Conclusions
In order to examine the effect of water saturation state on CO 2 sorption behavior in pores of rocks, CO 2 sorption measurements for Kimachi sandstone and Berea sandstone under the 6 different types of water saturation states were performed using manometric method at 50 °C and pressures up to 20 MPa. All the rock samples were found to be sorbed CO 2 in their internal structures in both air-dry and watersaturated states. At the higher pressures above 12 MPa, the wet samples tested showed sorption capacity comparable to or higher than the dry samples, in contrast to lower CO 2 sorption isotherms data at pressures below the critical pressure for Kimachi sandstone. Also, these observations indicated that the sorption amount has more or less correlation with water content, except in lower pressures region for Berea sandstone. Furthermore, the model predictions based on the solubility and pore-filling models suggested that the CO 2 sorption may provide a significantly impact on CO 2 geological storage mechanisms in addition to the dissolution and pore-filling effects. The present this study pointed out that the CO 2 sorption could be a possible geological trapping mechanism even if the storage reservoir was filled with water.
